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SRCDIn cells, from bacteria to plants ormammals, lipids are stored in natural emulsions called oil bodies (OBs). This or-
ganelle is surrounded by a phospholipid monolayer which is thought to contain integral proteins involved in its
stabilization. The insertion and fold of these proteins into the phospholipid monolayer are poorly understood.
In seed OBs, themost abundant integral proteins are oleosins, which contain a 70-residue central hydrophobic do-
main. The secondary structure of solubilized oleosins varies greatly frommainly alpha helices to a predominantly
beta sheets depending on the detergent used. To study the fold of integral membrane proteins inserted in a cellu-
lar OB environment, S3 protein, the major Arabidopsis thaliana seed oleosin, was targeted to Saccharomyces
cerevisiae OBs. The diameter of puriﬁed yeast OBs harboring S3 or S3 fused with the Green Fluorescent Protein
(GFP) was smaller and more homogeneous than plant OBs. Comparison of the secondary structure of S3 and
S3–GFP was used to validate the structure of folded S3. Circular dichroism using synchrotron radiation indicated
that S3 and S3–GFP in yeast OBs containmainly beta secondary structures. While yeast OBs are chemically differ-
ent to A. thaliana seed OBs, this approach allowed the secondary structure of S3 in OB particles to be determined
for the ﬁrst time.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Oil bodies (OBs) are lipid-storage organelles found in prokaryotes,
fungi, plants and animals [1–3]. In mammalian cells, OBs, usually called
lipid bodies, have been extensively studied, and are involved in lipid
storage and homeostasis. Their dysfunction can lead to metabolic dis-
eases such as type 2 diabetes [4] and atherosclerosis [5]. In plant seeds,
OBs provide energy for seedlings during germination [6]. OBs are com-
posed of a neutral lipid core surrounded by a phospholipid (PL) mono-
layer which contains various proteins including several to stabilize the
organelle. Depending on the nature of their interaction with the OB sur-
face, stabilizing proteins can either move easily from one particle to an-
other, making them exchangeable, or be permanently anchored at the
surface as is the case for integral or non-exchangeable proteins. OBsy; DLS, dynamic light scatter-
sform-infrared; LB, lipid body;
tein; SDS, sodium dodecyl sul-
G, triacylglycerol; UV, ultravi-
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rights reserved.can undergo protein-assisted dynamic processes which modify their
shape or size to suit their function. For example, mammalian cytosolic
OBs are highly dynamic particles surrounded by the Plin family of
proteins (Perilipin, Adipophilin (non-exchangeable), [7,8] and a Tail-
interacting protein of 17 kDa (TIP47) [9]). Upon β-adrenergic stimula-
tion in adipocytes, phosphorylated perilipins cause extensive fragmenta-
tion of OBs throughout the cytoplasm, so that the stored triacylglycerols
(TAGs) become accessible to lipase for energy mobilization [10]. In con-
trast, few data are available in plant cells, on the role of oleosins, the
major integral proteins, in the structure and dynamics of seed OBs. Pro-
teomic studies revealed that oleosin isoforms sequentially accumulate
during seed development [11] and control OB stability and size [12,13].
Knowledge of the structure–function relationship of OB proteins is a
key factor for improving our understanding of the dynamics of these
particles. However, little is known about their folds and three dimen-
sional (3D)-structures. High resolution data were only obtained for sol-
uble regions of OB proteins in mammals [14]. For non-exchangeable OB
proteins in mammals and plants, models have been proposed based on
computational analysis of primary sequences, circular dichroism (CD)
and Fourier transform-infrared (FT-IR) spectroscopy results [15–19]
or in vitro and in vivo expression studies of mutant isoforms [20–23].
These OB-associated proteins are very hydrophobic and need to be
solubilized in detergent micelles. In addition, OBs often promote light
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properties hamper nuclear magnetic resonance or spectroscopic (UV,
CD, FT-IR) studies and crystallization trials [24].
Due to their low molecular weight and tri block structure, plant
oleosins are an attractive model for structural studies of OB proteins.
Oleosins (major isoforms S1 to S5 in Arabidopsis thaliana seeds) are
small alkaline proteins (15–21 kDa) characterized by a conserved hydro-
phobic central domain of 70 residues, the longest found in known
proteins, ﬂanked by hydrophilic N and C termini of variable sizes [6,25].
OB oleosins interact tightly with the particle and never leave its surface
during seed maturation, making them members of the integral OB
protein family. Besides the lack of a characterized 3D-structure, descrip-
tions of their secondary structure are also contradictory [15–17,19,26].
Thus, further strategies are needed to study oleosin fold when inserted
in natural-like environments (i.e. whole OBs).
In order to gain insight into the native fold of oleosins, we chose to
follow two approaches. Firstly, oleosin fold was investigated in a mild
surfactant, the detergent Foscholine 12 which has a hydrophilic head
group similar to the major phospholipid (PL) found in the monolayer
of seed OBs [27]. Previously, this PL mimicking detergent was shown
to preserve the structure of a membrane protein [28]. Secondly, oleosin
fold in natural OBs was examined. A Saccharomyces cerevisiae heterolo-
gous expression systemwas used to direct S3, themajor A. thalianama-
ture seed oleosin, to the surface of yeast oil bodies (YOBs). In this article,
we report the ﬁrst detailed structural characterization of an oleosin and
a GFP fused-oleosin biologically targeted to the surface of native OBs.2. Material and methods
2.1. Yeast strains and growth conditions
Yeast strains were BY 4741 from Euroscarf and BY ERG6–RFP [29].
Each strain was transformed with either pGAL–GFP (pNBT29) [30],
pGAL–S3–GFP or pGAL–S3–STOP–GFP (described below). Cells were
grown in minimal 0.67% w/v yeast nitrogen base with 5 g·L−1 ammo-
nium sulfate and 0.2% w/v casamino acids. The carbon source was 2%
w/v galactose plus 0.02% w/v glucose. All cultures were performed in
conical ﬂasks, containing 1/5 volume of medium, and incubated at
28 °C in an orbital shaker at a stirring rate of 200 rpm.2.2. Plasmid constructs
To construct the pGAL–S3–GFP plasmid, the S3 open reading
frame of the pET20b–S3 plasmid [31] was ampliﬁed with the primers
5′-gtacaaggatccatggcggatacagctagaggaac-3′ and 5′-ataaatcgatagtagtg
tgctggccacccac-3′. The BamHI/ClaI PCR fragment obtained was then
introduced into plasmid pNBT29 [30]. A DNA linker containing a
STOP codon in frame with the S3 gene in the ClaI restriction site of
the pGAL–S3–GFP was introduced to obtain the pGAL–S3–STOP–
GFP plasmid. The DNA linker consisted of two annealed oligonucle-
otides, 5′-cgtttgatcacc-3′ and 5′-cgggtgatcaaa-3′.2.3. Preparation of the S3 oleosin in Foscholine 12 for synchrotron radia-
tion circular dichroism (SRCD) experiments
Recombinant N-terminal 6His-S3 was puriﬁed according to Roux
et al. [31]. Foscholine 12 (n-Dodecylphosphocholine CMC = 1.5 mM,
Anatrace), at a ﬁnal concentration, of 10 mM, was added to purify the
S3 protein (at 1-2 g·L−1) in 8 M Urea, 500 mM imidazole, 100 mM so-
dium phosphate with 10 mM Tris pH 8.0. Samples were dialyzed over-
night at 4 °C against 10 mM Tris pH 8, 70 mM NaF, 10 mM Foscholine
12 to remove urea and imidazole. After 15 min ultracentrifugation at
200,000 ×g using a Beckman TL 100 ultracentrifuge, the supernatant
containing solubilized S3 was recovered for further SRCD experiments.2.4. Total protein extracts
Total protein extracts were prepared using the NaOH/trichloroacetic
acid (TCA) lysis technique as described by Volland et al. [32]. Cells
(corresponding to 1.5 UA600 nm or 0.75 mg D.W. (Dry Weight)) were
harvested and resuspended in a ﬁnal volume of 500 μL. 50 μL of
1.85 M NaOH was added to the sample and cells were disrupted by
vortexing and incubating on ice for 10 min. Proteins were precipi-
tated for 10 min on ice by adding 50 μL of 50% trichloroacetic acid
(TCA). The resulting protein pellet was resuspended in 50 μL of load-
ing buffer containing 2 volumes of 2× sample buffer (100 mM Tris–
HCl pH 6.8, 4 mMEDTA, 4% SDS, 20% glycerol and bromophenol blue), 1
volume of Tris Base 1 M and 2% mercaptoethanol.
2.5. Oil body (OB) puriﬁcation and preparation for SRCD experiments
OBs were separated by sucrose density gradients as previously de-
scribed by Yu et al. [33]. Cells (corresponding to 2400 UA600 nm or
1200 mg D.W.) were resuspended in Fat Body Buffer (FBB, 10 mM
Hepes, 10 mM KCl, 0.1 mM EDTA, and 0.1 mM EGTA at pH 7.5)
supplemented with protease inhibitors (Complete cocktail, Roche
Diagnostics). Cells were disrupted using a One Shot Cell Disrupter
(Constant System LDT) at amaximumpressure of 2.7 kbars. The cleared
extract was mixed with an equal volume of FBB including 1.08 M su-
crose and transferred to 11 mL ultracentrifugation tubes. Each tube
was overlaid with 3 successive layers of 0.27, 0.135 and 0 M sucrose
buffered with FBB. After a 90 min ultracentrifugation (SW41 Ti rotor,
Beckman) at 150,000 ×g, ﬂoating OBs were recovered at the top of
the gradient.
2.6. Protein quantiﬁcation
The protocol was adapted from Landry and Delhaye [34]. Proteins
from OB samples were hydrolyzed in 3 M NaOH at 130 °C for 45 min.
After cooling on ice, 100 μL of 35% v/v acetic acid was added and the
samples were stirred. For the colorimetric reaction, samples were
incubated for 15 min at 100 °C after adding KCN, ninhydrine and
2-methoxyethanol at ﬁnal concentrations of 0.03 mM, 0.5% w/v and
37% v/v, respectively. After chilling, the absorbance was measured
within 30 min at 570 nm.
2.7. SDS-PAGE and immunoblots
Proteins were separated by SDS-PAGE using ready-to-use NuPage
Novex Bis-Tris gels containing 4-12% or 12% acrylamide and NuPAGE
MOPS SDS running buffer (Invitrogen) according to the manufacturer's
instructions. For immunoblotting experiments, proteins were trans-
ferred onto polyvinylidene ﬂuoride (PVDF) membranes and probed
with polyclonal antibodies raised against S3 [35]. Primary antibodies
were detected using horseradish peroxidase-conjugated anti-rabbit
IgG secondary antibodies and revealed using SuperSignal West Dura
Extended Duration Substrate (Perbio). Luminescence from peroxidase
activity was recorded using the LAS-3000 imaging system and
MultiGauge software from Fujiﬁlm.
2.8. Fluorescence microscopy
GFP and RFP ﬂuorescence was monitored in cells collected from
cultures or in puriﬁed OBs using the microscope without further
treatment. For Nile red staining, OBs were incubated for 10 min in
Nile red at a ﬁnal concentration of 1 μg·mL−1 ﬁnal concentration. A
Zeiss Axio Imager microscope with ﬂuorescence and Nomarski optics
and a Roper CoolSnap HQ2 camera coupled to a Zeiss AxioVision driver
was used.
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Cells (~10 UA600nm or 5 mg D.W.) were treated as described in
Froissard et al. [29]. Thin sections (70 nm) were cut, stained with lead
citrate and examined in a Zeiss EM902 transmission electron micro-
scope at 80 kV. Micrographs were acquired using a MegaView III CCD
camera and analyzed with ITEM software (Eloise SARL).2.10. Dynamic light scattering
Dynamic light scattering (DLS) measurements were performed at
20 °C using an HPPS Malvern instrument. The detector was posi-
tioned at 173° of the incident beam. Five consecutive measurements
were averaged for each sample using DTS software version 3.32.2.11. Sample preparation for circular dichroism
Puriﬁed OBs were concentrated using 3 kDa molecular weight cut
off Centricon ﬁlters (Millipore) centrifuged at 2000 ×g. All samples
analyzed by circular dichroism were ﬁrst dialyzed overnight at 4 °C
in a 10 mM Tris 70 mMNaF buffer at pH 7.5 for OBs or at pH 8 for sol-
ubilized S3 using 3.5 MWCO slide-A-Lyser dialysis cassettes (Pierce)
prior to concentration.2.12. Synchrotron radiation circular dichroism
SRCD experiments were carried out on the DISCO beamline at the
SOLEIL synchrotron (Gif-sur-Yvette, France) [36]. Spectra were obtained
using Suprasil (Hellma) quartz cells of 100, 200 and 500 μmpath length.
Protein concentrations were in the 0.1 to 0.5 g·L−1 range depending on
samples. (+)-camphor-10-sulfonic acid (CSA) was used to calibrate the
SRCD signal. For each sample at least two different preparations were
measuredwith three different path lengths. Four 170–280 nmmeasure-
ments were made for each sample and their corresponding dialysis
buffers (baselines) with 1 nm interval and 500 or 1200 ms as integra-
tion time. Data processing and secondary structure determination were
performed as described by Gohon et al. [17] using the CDtool software
[37] and the ContinLL method on the DICHROWEB website [38]. The
largest sets of standard proteins available, SP175 (set of 72 proteins)
[39] and SMP180 (set for membrane proteins) [40], were used. Fits
were performed down to 175, 180 or 190 nm, normalized root mean
squared deviations (NRMSD) are given in parenthesis (Fig. 1). The
molar circular dichroism Δε is expressed in M−1·cm−1.Fig. 1. Spectra of S3 and S3–GFP oleosins. Synchrotron radiation circular dichroism of S3
oleosin in Foscholine 12 micelles (circles) or S3 (squares) and S3–GFP (stars) inserted
into yeast oil bodies (OBs). Experimental (open symbols) or ﬁtted data using the Contin
LL method (continuous lines) are shown. Normalized root mean squared deviations are
given in parentheses.3. Results
3.1. Fold of the S3 oleosin in Foscholine 12 micelles, a phospholipid-like
detergent
Using synchrotron radiation circular dichroism (SRCD) spectroscopy,
we previously observed that the secondary structure content of the
oleosin S3 was affected by the nature of the surfactant used to solubilize
it [17]. In sodium dodecyl sulfate (SDS), S3 oleosin contained 41% alpha
helices and 17% beta sheet structures whereas in amphiphilic polymers
called amphipols (APols [41]), 27% and 25% of alpha and beta structures,
respectively, were observed (Table 1). Thus, we looked for other surfac-
tants or media, capable of better mimicking the native environment of
S3 oleosin. Foscholine 12 is a detergent with the same head group as
phosphatidylcholine (PC), the major PL component in the monolayer
of seed OBs [27]. This detergent was shown to maintain the bacterial
membrane porin OmpF in the folded conformation [28]. The SRCD spec-
trumof Foscholine 12 solubilized S3 oleosin contains two negative peaks
around 222 and 208 nm and a maximal positive value at 192 nm
(Fig. 1) which are characteristic of the presence of alpha helices
[42]. The ContinLL program [38], predicts that the alpha helix con-
tent of S3 oleosin is 18%, but that its secondary structure is mainly
beta (33%) with 12% turns and 37% non-assigned structures (Table 1).
Under our experimental conditions, S3 oleosin adopted a structure
with a high alpha content in the presence of SDS, a notorious denatur-
ing detergent. In APols or Foscholine 12 micelles, the alpha helical
content decreased drastically. We therefore decided to explore more
elaborate systems than detergent micelles or amphipols which could
better mimic the oleosin's native environment. The generation of artiﬁ-
cial OBs (AOBs), consisting of TAGs, PLs and proteins assembled by son-
ication into oil–water emulsion appeared to be a promising approach.
However, using this strategy, Li et al. [16] and our team (not shown)
could not record SRCD spectra of folded proteins. We thus explored
tools to obtain biological insertion of oleosin in OBs which could
allow secondary structures to be observed. For this purpose we
chose S. cerevisiae as a heterologous expression system to produce
puriﬁed OBs harboring a large amount of S3 oleosin.
3.2. GFP-fused A. thaliana S3 oleosin is targeted to OBs in S. cerevisiae
Yeast systemshave already been successfully used to target sunﬂower
andmaize oleosins to YOBs [21,43,44]. In a previous study, we expressed
Clo1, an A. thalianaOB protein in yeast. Clo1was targeted to OBs andwas
the major protein [29]. The same strategy was used to generate OBs har-
boring S3 oleosin. S3 oleosin tagged at the C-terminuswith GFPwas used
to localize the protein inside cells and perform co-localization experi-
ments with OBs. We ﬁrst veriﬁed expression of the heterologous protein
using immunoblots of whole cell extracts. Using a polyclonal serum
raised against S3 oleosin, a band with an apparent molecular mass of
45.5 kDa was detected, which is consistent with correct expression of
the S3–GFP fusion protein (Fig. 2, lane1). The fusion protein was also
detected using an anti-GFP antibody (data not shown).
For co-localization experiments, we used a strain expressing a
C-terminally RFP-tagged version of Erg6p, a lipid body Δ24-sterol
C-methyltransferase. As can be seen in the upper panel of Fig. 3A,
cells expressing the Erg6p–RFP lipid body marker and transformedTable 1
Secondary structure of S3 oleosin in various environments determined by SRCD spec-
troscopy. *: Data from Gohon et al. [16].
S3 environment Alpha Beta Turns Unordered and/or
not assigned
SDS* 41 17 11 31
APol* 27 25 13 35
Foscholine 12 18 33 12 37
Yeast OBs 13 33 15 39
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right panels) contained prominent round structures corresponding to
OBs (black arrows). RFP ﬂuorescence associated with these OBs was
also observed for both strains (Fig. 3A middle panel, white arrows).
However, when GFP was expressed without oleosin S3, diffuse GFP
ﬂuorescence (Fig. 3A, lower left panel) was observed throughout the
cytoplasm. Co-localization of the signals from GFP (S3–GFP) and RFP
(Erg6p–RFP) was only observed in Fig. 3A (lower right panel), consis-
tent with the presence of S3 in YOBs. Moreover, protein proﬁles from
ﬂotation experiments performed to purify OBs (see below), conﬁrmed
binding of S3–GFP and S3 oleosins. Upon S3–GFP expression, electron
microscopy (Fig. 3B) revealed a signiﬁcant increase in OB number per
cell.
3.3. OB size distribution is preserved upon puriﬁcation
Electronmicroscopy experimentswere performed to evaluate intra-
cellular YOB diameter. Inwild type S. cerevisiae cells, YOBswere smaller
than AOBs with an average diameter of 242 ± 191 nm (n =27 in 19
cells), for a size distribution from 100 to 500 nm (Fig. 3C). In order to
preserve the size distribution and native structure of YOBs, we designed
a mild puriﬁcation protocol using HEPES buffer and isolation by ﬂota-
tion on a discontinuous sucrose gradient. YOBs were then transferred
to Tris buffer containing NaF, which ensured low UV light absorbance
during SRCD experiments [45]. The ﬂoating fraction containing
YOBs was analyzed by microscopy and dynamic light scattering
(DLS) to verify the absence of contamination with cell fragments,
and determine the polydispersity and the average diameter of puriﬁed
structures. From S3–GFP expressing cells before and after dialysis and
concentration (Fig. 4A, left panel and B), the average diameter of YOBs
of 200 nmwas constant and close to thatmeasured by electronmicros-
copy on thin sections of whole cells. Thus, our puriﬁcation protocol pre-
serves YOB integrity.
3.4. S3 and S3–GFP oleosins associate with puriﬁed OBs
Detection of GFP allowed S3–GFP and YOBs to be co-localized in pu-
riﬁed samples (Fig. 4A right panel). This conﬁrmed the correct folding of1 2
S3-GFP
14 kDa
19 kDa
28 kDa
39 kDa
51 kDa
64 kDa
97 kDa
S3
Fig. 2. Expression of S3–GFP and S3 in yeast. Total protein extracts from S3–GFP (lane
1) and S3 (lane 2) expressing cells were analyzed on immunoblots. The presence of the
proteins was detected using anti-S3 serum.GFP and the presence of S3–GFP at the surface of YOBs. However our
primary objective was to determine the secondary structure of the na-
tive S3 oleosin in YOBs and not the fold of a tagged version. We there-
fore used the pGAL–S3–STOP–GFP vector (see Material and methods)
to express S3 oleosinwithout GFP in yeast cells. A bandwith an apparent
molecular mass corresponding to the full length S3 protein (18.5 kDa)
was detected on immunoblots (Fig. 2 lane 2).
YOBs from these cells were puriﬁed as described above and the in-
tegrity of their structure was monitored by DLS. After sucrose gradient
isolation, the average diameter of puriﬁed YOBs harboring the S3
protein was 220 nm (Fig. 4D). The polydispersity of the sample was
modiﬁed after the dialysis and concentration steps with the appearance
of new populations with larger hydrodynamic diameters. Microscopic
observations showed that these newpopulationswere aggregated rather
than coalesced OBs (Fig. 4C).
The protein composition of puriﬁed YOBs was determined using
SDS-PAGE. The protein proﬁles of strains transformed with either
pGAL–S3–GFP or pGAL–S3–STOP–GFP were compared to that of
YOBs puriﬁed from control cells containing the pGAL–GFP plasmid.
Abundant bands with apparent molecular masses consistent with the
theoretical masses expected for S3 (18.5 kDa) and S3–GFP (45.5 kDa)
were observed on a Coomassie blue stained gel (Fig. 5, lanes 2 and 3).
3.5. S3 oleosin contains mainly beta structures when inserted into native
OBs
As conﬁrmed by SDS-PAGE analysis, S3 and S3–GFP were the most
abundant proteins in puriﬁed YOBs. The SRCD spectra obtained with
these samples were therefore representative of S3 and S3–GFP folds.
Fig. 1 summarizes SRCD normalized signals and ﬁts of S3–GFP in
YOBs and S3 in detergentmicelles or YOBs. For S3 in both environments,
the overall signalwas similar, with amaximumvalue at 190 nmbut the
intensity in YOBs is half of the value found in Foscholine 12 micelles.
This weaker signal could be due to a lower helical content in YOBs
[42]. Thus, as conﬁrmed by ﬁtting experimental data, both S3 forms
contain 33% beta structures, but in YOBs, S3 oleosin showed the lowest
helical content (Table 1). Control measurements were performed on
puriﬁed YOBs from yeast containing the pGAL–GFP plasmid (i.e. without
the S3 sequence). SRCD spectra of these OBs were different from those
containing S3 oleosin isoformswith a low signal/noise ratio which ham-
pered any ﬁt. The dichroic signal of YOBs containing S3–GFP showed a
signiﬁcantly different proﬁle with a maximum intensity peak shifted to-
wards higher wavelengths (196 nm) and a negative band at 223 nm.
These features are found in proteins with high (>30%) beta structure
content [46]. High resolution 3D and circular dichroism secondary struc-
tures of GFP are well documented [47,48]. These data were used to vali-
date the secondary structure content of S3 oleosin in YOBs. In Table 2,
the ﬁrst six columns summarize the results in terms of the number of
amino acids involved in alpha or beta structures deduced from SRCD (de-
scribed in this study), CD experiments [48] or from crystallographic data
using DSSP algorithms [49]. From these values, we calculated the theo-
retical number of amino acids for S3–GFP minus S3 (i.e. GFP) or for
S3 + GFP (Table 2, last two columns). These values were then com-
pared to values deduced from CD, SRCD and crystallographic exper-
iments. Regarding the alpha helix content of S3–GFP minus S3 and
S3 + GFP, compared to GFP or S3–GFP respectively, signiﬁcant dif-
ferences were found depending on the data source: CD measurements
gave between 6 and 10%whereas crystallographic data suggested it was
between 0.42 and 0.26%. Thus, it was difﬁcult to draw clear conclusions
about the alpha helix content of this oleosin. For the beta content, how-
ever, the data was very consistent with a difference below 2%. These
differences are within our experimental variation (1–2%) of SRCD sec-
ondary structure determination in this study and previously [48]. Thus,
the expression and targeting of different proteins to YOBs signiﬁcantly
modify dichroic signals which can be measured and analyzed in terms
of secondary structure content.
Fig. 3. S3–GFP is targeted to oil bodies in Saccharomyces cerevisiae. (A). Cells were observed under the microscope with Nomarski optics or by ﬂuorescence with GFP and RFP ﬁlter
sets. Arrows indicate co-localized structures. (B) Expression of S3–GFP induces proliferation of oil bodies. Thin cell sections were processed for electron microscopy. OBs appear as
white circular structures surrounded by a black membrane (arrows). White arrow-heads indicate the endoplasmic reticulum and (n) the nucleus. (C) Yeast oil body diameters in
cells containing the pGAL–GFP plasmid were determined on thin sections. Data were summarized into a histogram plotting the number of oil bodies according to their diameter.
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Oleosins are a peculiar class of proteinswith a very long hydrophobic
amino acid stretch (~70 a.a.) surrounded by hydrophilic termini. TheseA
C
Fig. 4. The size distribution of puriﬁed oil bodies is suitable for SRCD. (A, B) Analysis of oil bo
puriﬁed oil bodies or cause them to aggregate. (C, D) Analysis of oil bodies harboring S3 alon
made them aggregate. Oil bodies were observed with Nomarski optics (A and C, left panel) o
light scattering of puriﬁed yeast oil bodies containing GFP-fused S3 (B) or S3 alone (D) is sh
concentration (open circles with dashed line).proteins stabilize OBs, composed of a phospholipid monolayer trapping
a TAG (hydrophobic) core. All experimental and computational data
agree with modeling oleosins as interfacial proteins with their termini
at the OB surface and a hydrophobic central region spanning theB
D
dies harboring S3–GFP. The dialysis and concentration steps did not affect the shape of
e. The dialysis and concentration steps did not affect the shape of puriﬁed oil bodies but
r by ﬂuorescence with GFP (A right panel) or Nile red (C right panel) ﬁlter sets. Dynamic
own after puriﬁcation on a sucrose gradient (dark circles with bold line), dialysis and
Fig. 5. SDS-PAGE protein proﬁles of puriﬁed yeast oil bodies used for synchrotron radi-
ation circular dichroism experiments. Protein extracts obtained from yeast oil bodies
harboring no heterologous protein (lane 1), S3 (lane 2) or S3–GFP (lane 3) were re-
solved by SDS-PAGE. M; molecular mass marker.
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ing of how oleosins stabilize OBs is of interest for various ﬁelds such
as the improvement of oil extraction from biomass, or oil accumula-
tion and mobilization. Recently, it was also proposed that the capa-
bility of oleosin molecules to self-associate could be used to design
bio-compatible hydrophobic carriers for medical applications [19].
However, lack of structural data is hampering the design of rational
approaches for engineering their properties. To date, only secondary
structural data exist in the literature. These are based on CD and FT-IR
measurements on oleosins dispersed with surfactants or high salt con-
centrations in aqueous media or in organic solvents [17,19,50–52],
and in reconstituted liposomes [16,51]. FT-IR measurements were also
performed on urea puriﬁed plant OBs in solution and dried ﬁlms [15].
Depending on the reports, these proteins are sometimes mainly helicalTable 2
Number of amino acids in secondary structures of S3 and S3–GFP from SRCD (in yeast
differences.
Protein name Nb of a.a. Secondary structure % Nb of a. a. in
secondary st
Alpha Beta Alpha
S3 173(a) 13 33 22
S3-GFP 411(b) 11 43 45
GFP from CD 238(b) 20(c) 52(c) 48
GFP from DSSP 238(b) 10(b) 49(b) 24
(a): From gene sequence with a 6-His-Tag. (b): From gene and pdb ﬁle (PDB ID: 1GFL).
(c): From CD experiments in [47]. DSSP is an algorithm that calculates secondary structure co
amino acids from calculations (last two columns) was obtained using numbers from CD and
values of differences between the number of a.a. calculated and deduced from SRCD experior sometimes beta strand folded. In order to gain insight into native
oleosins, we chose to adopt an approach which avoided organic sol-
vents, detergents and sonication. Indeed, we failed to record a CD signal
for protein inserted into AOBs reconstituted using sonication. AOBwere
stable but presumably S3 oleosin was not correctly folded, and the size
distribution of particles was very large (not shown).
4.1. Different oleosin folds in different surfactants
A previous study [17] showed that oleosins are not soluble in
aqueous salted media (100 mM NaCl). The use of surfactants is thus
mandatory to retain these proteins in solution. However, the second-
ary structure content of S3 and S5 oleosins varies depending on the
surfactant. As reported in the literature, S3 oleosin appears to adopt
various folds with beta structures increasing from 17 to 33% from
SDS to Foscholine 12, and alpha structures decreasing from 41 to
18% (Table 1). This is not surprising since, like membrane proteins,
oleosins might have a ‘preferential’ detergent in which they fold cor-
rectly. Foscholine 12 was used for that purpose, as this detergent has
a similar hydrophilic head group (a PC ether group) as the major PL of
the OBmonolayer (60%) [27]. It was assumed that Foscholine 12would
mimic the lipidic environment of oleosins but detergentmicelles do not
contain a TAG hydrophobic core. Thus, having an oleosin folded in nat-
ural OBswould bemuchmore convincing.We therefore chose a biolog-
ical approach where oleosins were targeted to OBs using the cellular
machinery.
4.2. YOBs allow secondary structure determination of plant oleosins
As mentioned above, an AOB strategy for the SRCD study of oleosins
was unsuccessful. AOBs containing oleosins have been described to
range from 0.5 to 2 μm in diameter [53], with a ratio of TAG, PL and
OB proteins comparable to that of native OBs. The lack of folded protein
signal could be due to high sample turbidity and/or to improper folding
upon AOB formation. Decreasing the size and polydispersity of OBs
could be a key factor to reduce the turbidity of emulsions. As yeast
OBs (YOBs) are smaller (diameter around 220 nm, see below) than
A. thaliana or rapeseed OBs (around 1 μm), these small particles would
reduce light scattering during SRCD experiments and improve signal ac-
quisition. In addition, no oleosin homologues have been described in S.
cerevisiae, and no functionally equivalent molecule was identiﬁed in
YOBs to date. We generated two yeast strains, one expressing S3 oleosin
fused to GFP and one expressing only the S3 protein. The yeast cellular
machinery appears to recognize intrinsic information in the oleosin se-
quence or structure, most probably in the hydrophobic region, and this
information is sufﬁcient to properly target these proteins to OBs. We
demonstrated that oleosin insertion and/or association in the phospho-
lipid monolayer generates a specialized compartment with OB identity.
In plants, oleosins are dedicated to lipid body ﬁlling during seedmatura-
tion [12]. When expressed in S. cerevisiae, S3 and S3–GFP induced anoil bodies) or CD measurements and primary sequences and deduced from sums or
ructure
Protein name Nb of a.a. from calculations
Beta Alpha Beta
57 – –
177 S3 + GFP 70 or 46
(6.0 or 0.26%)
181 or 174
(1.0 or 0.73%)
124 S3-GFP minus S3 23 (11%) 120 (1.7%)
117 S3-GFP minus S3 23 (0.42%) 120 (1.3%)
ntent from 3D structures obtained using radiocrystallographic data [48]. The number of
SRCD measurements and radiocrystallographic data. Values in parentheses are absolute
ments normalized by the number of a.a. found in primary sequences in percents.
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lipids (Jamme, Vindigni, Méchin, Cheriﬁ, Chardot and Froissard sub-
mitted and personal communication). This strongly suggests that S3
isoforms are functional in S. cerevisiae and act on OB dynamics as in
plants. The strain expressing S3 oleosin fused to GFP was used to lo-
calize S3 expression and verify correct targeting to YOBs. The second
strain was of interest for studying the fold of native S3 oleosin in
YOBs. The YOB puriﬁcation protocol was designed to avoid the use
of chaotropic agent or detergents. Cellswere lysed using a cell disrupter,
and YOBs were puriﬁed using ﬂotation in a discontinuous sucrose
gradient after ultracentifugation. Similar diameters were observed
for intracellular YOBs (electron microscopy) and for puriﬁed YOBs
(dynamic light scattering). These results conﬁrmed that our puriﬁ-
cation protocol preserves the integrity of this organelle. The SRCD
spectra of S3 and S3–GFP puriﬁed YOBs were different, consistent
with two distinct secondary structures.
Comparison of the secondary structure content of S3 and S3–GFP
measured here experimentally and that deduced from a combination
of ourmeasurements and GFP secondary structure information obtained
from previously published CD and radiocrystallographic data (S3 + GFP
and S3–GFP minus S3) (Table 2) allowed us to validate our results. The
reports of the alpha helix content are contradictory depending on the lit-
erature data source. Our experimental data agreed with the secondary
structure content deduced from radiocrystallographic data. For beta
structure content, all calculations were consistent with our measure-
ments. S3 oleosin was mainly beta folded in YOBs and in Foscholine
12 micelles. These results indicate that Foscholine 12, as assumed, cre-
ates folding conditions close to the cellular and native conditions. The
present results strengthen our previous model in which we proposed
a beta fold of the hydrophobic region of oleosins [17]. These results
are in agreementwith earlier results obtained on the central hydropho-
bic domain of an oleosin in liposomes (CD) or OBs (FT-IR) using CD and
FT-IR [16].
4.3. Divergent results on oleosin fold in the literature
Asmentioned above, oleosins are described as, depending on reports,
sometimes mainly alpha or mainly beta folded. One explanation is that
puriﬁcation protocols involving organic solvents, chaotropic molecules
or detergents (SDS), are responsible for these variations. Another expla-
nation, which is not exclusive, is that oleosins adopt different conforma-
tions and/or secondary structures depending on the physical constraints
induced by themedia. This feature was previously observed for Apolipo-
protein B (ApoB), a protein which stabilizes human Very Low and Low
Density Lipoprotein particles (VLDL and LDL respectively). From mea-
surements of the interfacial tension on oil–water, ApoB appeared to sta-
bilize these circulating lipid droplets. Thus the authors suggested that
protein adsorption and conformational changes occur depending on
variations in the surface pressure of the droplets [54]. Other authors cor-
related variations in the secondary structure content of ApoB with the
lipid phase transition of the LDL lipidic core [55]. Recent cryo-electron
microscopy results described ApoB and LDL complexes at low resolution
(16 Å) [56]. These results conﬁrmed variations in protein conformation,
but due to the low resolution further structural details could not be elu-
cidated. Although ApoB does not appear to be anchored in the lipidic
core, oleosins could have similar behavior and be folded differently
depending on the radii of curvature: from ‘small’ YOBs (diameters of
220 nm) to ‘large’ plant OBs (diameters from 600 to 2 μm) or to ﬁlms
(for experimental studies). The lipid and phospholipid composition
could also play a role, by varying van der Waals contacts and lateral
pressure [57,58]. Oleosins also have the propensity to oligomerize [50]
thus the protein concentration could also modify protein–protein inter-
actions and conformations. If these proteins have such multiple confor-
mations and oligomeric states, high resolution structure determination
by NMR or radiocrystallography will be very challenging. Thus, the sec-
ondary structure data reported here on oleosins in native YOBs arevaluable and the approach we developed will be useful for all proteins
in this family.
4.4. Beta sheet conformations of proteins associated with other OBs
Our recent ﬁndings and earlier studies strongly suggest that the
hydrophobic domain of oleosins is arranged in beta sheets. In the
model proposed by Huang [6], a long hydrophobic antiparallel beta
sheet hairpin interacts with the inner TAG lipidic core of plant
seed OBs. Li et al. [16] proposed that this domain actually consists
of intermolecular parallel beta sheets. In mammalian cells, the ApoB
protein associated with LDL is composed of amphipathic alpha helices
and beta strands. These are proposed to be tightly bound to the LDL sur-
face [54,59], making ApoB a non-exchangeable protein. Although, com-
parisons could be made between the oleosin hydrophobic domain and
ApoB amphipathic beta strands, but the high hydrophobicity of this
oleosin domain probably hampers amphipathic beta conformations. To
investigate this issue further, experiments to determine whether the
oleosin central domain is partially accessible to a hydrophilic environ-
ment or not, are needed.
5. Conclusion
The novel approach performed in this study brings new insights into
oleosin fold in intact YOBs. In these organelles S3 oleosin is mainly beta
folded, conﬁrming our previous model with a beta folded hydrophobic
core. This is the ﬁrst time, to our knowledge, that SCDR measurements
on intact OBs allowed the secondary structure of an entire plant oleosin
to be determined. Inconsistent results from other authors suggest that
the conformation of oleosin is affected by its environment. The use of
OBs puriﬁed from yeast cells expressing heterologous proteins could
be extended to the structural study of other integral OB proteins, from
plants or from other organisms and become an important technique
for investigating proteins embedded in ~220 nm nanoparticles.
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